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The unification of the theories of gravity and quantum mechanics is one of the outstanding problems of physics. Within a wide range of models and theories attempting to combine the two it is found that space and time exhibit intrinsic spatiotemporal fluctuations. The possibility of existence of observable consequences of these fluctuations, such as decoherence of quantum states or limits to distance measurement precision have been discussed and their detection proposed, e.g by means of particle and light interferometers 1 2 3 4 5 .
Motivated by the concepts of space-time "foam", or "fuzziness", Amelino-Camelia beamsplitter is measured. The devices are designed to be sensitive to variations in the metric that occur on timescales that are shorter than the timescale over which the mirrors can be considered to be inertial (freely moving). To implement inertial motion, the mirrors and the beamsplitter are independently supported by pendula whose oscillation period sets the relevant timescale.
The fundamental idea for using gravitational-wave interferometers for searching for space-time fluctuations is that the read-out of such interferometers may exhibit a noise that cannot be explained by standard physics. L are subject to large drifts due to seismic and thermal disturbances. As a consequence, the large-scale interferometers can only provide limits to length fluctuations at relatively high frequencies f above 10-100 Hz.
In this work we propose to explore the regime of much lower fluctuation frequencies Even for a rigid cavity environmental influences must be kept under control as strongly as possible. Operation of the cavity at cryogenic temperature is favourable since it minimizes changes in cavity length due to unsuppressed temperature changes as well as due to creep (dimensional relaxation). Cryogenic cavities can be operated in a reliable manner over many months 12 13 14 and are therefore in principle suited to probe fluctuation frequencies as low as micro-Hertz. They have also recently been employed to test Lorentz Invariance. 13 14 15 16 17 Notwithstanding the accessibility of the lowfrequency window, cryogenic cavities are faced with various technical noise sources, including variations of cavity temperature and tilt, of temperature of the electronic components, and of power and propagation direction of the interrogating electromagnetic wave. Due to the complexity of these effects, in practice it will not be possible to deduce information about space fluctuatio ns of strength below the measured technical noise level. The latter thus yields an upper limit for the strength of space fluctuations. The electromagnetic quantum noise limit described above is a fundamental limit that with enough effort may eventually be reached in some frequency range.
Although this limit may in principle be overcome by using non-classical light, the feasibility of testing the hypothesis RW2 for parameter values Λ in the meso-or macroscopic range (Λ > 100 µm) is unlikely, since the allowable powers for stable cryogenic operation must be kept well below 1 mW.
A space fluctuation detector employing cavities can be implemented by an arrangement of two independent cavities. To each cavity a laser is resonantly coupled. In absence of We note here that this assumption would not be required in an alternative scheme in which a single cavity is used whose resonance frequency is compared to an atomic (or molecular) reference frequency. Such comparisons have already been done for tests of fundamental principles 13 15 16 but were not analysed in the context of space fluctuations.
Our interferometers are rigid Fabry-Perot optical cavities, each made of a cylindrical sapphire spacer (L = 3 cm long) and two concave mirrors attached to it by molecular adhesion. The cavities are operated at approx. 4 K inside cryostats in order to minimize their thermal expansion coefficient and to allow accurate temperature stabilization. Each cavity is interrogated by a diode-pumped Nd:YAG laser (1064 nm) by coupling the strongly attenuated laser beam spatially into the TEM 00 cavity mode and detecting the light reflected from the cavity by means of a photodetector. Its electrical output carries information about the detuning between laser frequency and the resonance frequency of the cavity mode. This signal is processed electronically and fed back to an actuator inside the laser that regulates the laser frequency to constantly stay in resonance with the cavity frequency.
The difference ν 1 (t) -ν 2 (t) of the two laser frequencies is obtained by a heterodyne beat
between waves split off from each laser and then superposed on a pho todetector. The beat frequency is counted using a frequency counter. Its measurement (gate) time implies a corresponding time average of the beat frequency. The measured beat frequency can be approximated as Under the assumption of uncorrelated length fluctuations, one-half the spectral power of the normalized beat frequency
, denoted by S b , represents an upper limit for the spectral power S sf due to quantum space fluctuations. Any standard physics noises (described by δL i,p and δL i,lock ) contribute to the measured spectral density S b and thus lead to larger estimates for S sf .
Results
We describe results obtained with two different set-ups. In one set-up (A) 18 19 , the two cavities were housed in separate cryostats positioned at a distance of about 2.5 m, with the cavity axes parallel. In the second set-up (B) 14 , the two cavities were located orthogonally in a single cryostat, their centers separated by about 10 cm. A good thermal contact between the two cavities was implemented that reduced the sensitivity of the cavity frequency difference to temperature by a factor of about 14 compared to that of an individual cavity frequency. The spectral density of the cavity frequency (or length) measurement S b for the three data sets is shown in Fig.2 . The highest plotted frequency is 0.5 Hz, one-half of the sampling frequency. The lowest frequency considered is ˜ 1 µHz, available from the lo nger measurement that was possible for setup B. For setups A and B-short we find white spectral densities for frequencies above a few mHz. For the B-short data, the level is much lower, thanks to an increased laser power (more than 1 µW) incident on the cavity, which led to a much higher signal-to-noise of the lock error signal. For all setups a marked increase occurs for lower frequencies, due to the disturbances described , the data of both setups rules out length scales Λ < 0.6 nm (region above curve (i)). This lower limit is similar to that which can be deduced from the noise floor of the TAMA300 gravitatio nal-wave interferometer at f = 10 3 Hz.
Conclusion
We have proposed and applied cryogenic resonators to probe the low-frequency region /Hz above a few mHz. The limit Λ > 0.6 nm for the RW2 model of Amelino-Camelia was deduced from the low-frequency data.
Our limits were mostly determined by technical effects that we expect to be reduced by several orders using an improved setup. Furthermore, extension to even lower fluctuation frequencies (0.1 µHz) should be feasible; the corresponding longer measurement times pose no fundamental problem. It therefore appears possible that in the near future laboratory-scale experiments will be able to test the hypothesis RW2 for values of Λ on the order of the wavelength of light.
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